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A molecular diagnostic assay for Phytophthora spp. that is specific, sensitive, has both genus-and species-specific detection capabilities multiplexed, and can be used to systematically develop markers for detection of a wide range of species would facilitate research and regulatory efforts. To address this need, a marker system was developed based on the high copy sequences of the mitochondrial DNA utilizing gene orders that were highly conserved in the genus Phytophthora but different in the related genus Pythium and plants to reduce the importance of highly controlled annealing temperatures for specificity. An amplification primer pair designed from conserved regions of the atp9 and nad9 genes produced an amplicon of ≈340 bp specific for the Phytophthora spp. tested. The TaqMan probe for the genus-specific Phytophthora test was designed from a conserved portion of the atp9 gene whereas variable intergenic spacer sequences were used for designing the speciesspecific TaqMan probes. Specific probes were developed for 13 species and the P. citricola species complex. In silico analysis suggests that species-specific probes could be developed for at least 70 additional described and provisional species; the use of locked nucleic acids in TaqMan probes should expand this list. A second locus spanning three tRNAs (trnM-trnP-trnM) was also evaluated for genus-specific detection capabilities. At 206 bp, it was not as useful for systematic development of a broad range of species-specific probes as the larger 340-bp amplicon. All markers were validated against a test panel that included 87 Phytophthora spp., 14 provisional Phytophthora spp., 29 Pythium spp., 1 Phytopythium sp., and 39 plant species. Species-specific probes were validated further against a range of geographically diverse isolates to ensure uniformity of detection at an intraspecific level, as well as with other species having high levels of sequence similarity to ensure specificity. Both diagnostic assays were also validated against 130 environmental samples from a range of hosts. The only limitation observed was that primers for the 340 bp atp9-nad9 locus did not amplify Phytophthora bisheria or P. frigida. The identification of species present in a sample can be determined without the need for culturing by sequencing the genus-specific amplicon and comparing that with a reference sequence database of known Phytophthora spp.
Additional keywords: real-time PCR.
Species in the genus Phytophthora have had a significant impact on production of economic crop plants and the health of native plant communities. The importance of members of the genus as plant pathogens infecting a wide range of host species is shown by the >11,500 entries in the Systematic Mycology and Microbiology Lab website listing fungal-host reports (http://nt. ars-grin.gov/fungaldatabases/fungushost/FungusHost.cfm). This number is likely to increase in the future, as the number of newly discovered and described species continues to increase. From 2000 to 2007, the number of described species in this genus essentially doubled (9) and, whereas the recent taxonomic updates of the genus by Kroon et al. (27) lists 105 described species, a later review noted 117 species (32) . However, these listings are already out of date because there have been a number of new species described as well as provisional species named since these manuscripts were published.
Although the increased availability of sequence data for confirming species identification and conducting phylogenetic analysis has contributed to this increase in species description, perhaps equally important is the increased number of field surveys in forest and commercial nursery environments that have resulted in the identification of new species. An example of this in the United States can be seen with the quarantine species Phytophthora ramorum, which was initially found in the forest ecosystem of central coastal California but has since spread to other parts of coastal California and southern Oregon (16, 38) . P. ramorum has been found in the nursery industry and been transported on infected nursery stock from west coast to east coast as well as between states within the eastern and western United States (15, 18) . Significant effort has been put into surveys to determine the extent of pathogen spread and the inspection of plant shipments to prevent introductions into new locations. This has provided a much better picture of other Phytophthora spp. present in the various ecosystems investigated and provided isolates of previously undescribed species. Surveys for P. ramorum, P. kernoviae, and P. alni, which have caused significant disruptions to natural ecosystem in Europe (9-11), have also resulted in the isolation and description of previously unknown species in Europe.
Given the role of international trade in moving plant material around the world, the consequence of the introduction of invasive species on native ecosystems, and the regulatory needs surrounding the plant trade industry to prevent movement of quarantine species, having a robust molecular diagnostic capability for detection of Phytophthora spp. is essential. An ideal marker system would be highly sensitive, so that the pathogen could be detected when present in low amounts; be capable of detecting the pathogen at both a species-and genus-specific level; and allow for the systematic development of species-specific markers. Of particular importance is the availability of a robust genus-specific detection capability that can be run concurrently with species-specific detection. This would allow for a broader analysis of any species that may be present in a sample or ecosystem rather than just be able to determine whether an individual species is present. With the availability of a sequence database of the target locus for the genus, it would be possible to characterize the species community without the need for culturing.
A variety of markers have been designed for conventional and real-time polymerase chain reaction (PCR) assays for Phytophthora spp. (32) . Although the design of some of these has focused on a particular species using a unique random clone, an amplicon from a random amplified polymorphic DNA assay, or a unique sequence differences in a specific gene, several loci that are conserved within a species but variable between them have been used for the systematic development of multiple species-specific diagnostic markers for conventional and real-time PCRs. The internal transcribed spacer (ITS) region of the ribosomal DNA (rDNA) has been commonly used for this purpose, as have introns of the Ras-related Ypt1 gene and the spacer region between the cox1 and cox2 mitochondrially encoded genes (32) . Although a genus-specific detection capability for real-time PCR has been reported for the ITS-based diagnostic assay for P. ramorum (26) it is not fully genus specific because several Pythium spp. were also detected. Likewise, although there is a genus-specific detection capability using the spacer region between the cox1 and cox2 genes, this is dependent on control of the annealing temperature for specificity and is not suitable for real-time PCR diagnostic techniques (34) . A genus-specific detection capability has been described for the Ras-related Ypt1 gene but this is with conventional PCR and the ≈470-bp amplicon may not be suitable for real-time PCR (40, 41) . A real-time PCR probe for Phytophthora spp. has been developed by Bilodeau et al. (5) using the β-tubulin region but has not been fully validated against a range of Pythium spp.
When developing molecular diagnostic techniques for pathogen detection, it is important to keep in mind that the assay must be reproducible and accurate as well as capable of high-throughput sample processing, with different operators using different equipment in different locations. For example, a variety of thermal cyclers may be used in different facilities and, if a narrow window for annealing temperature is necessary for accurate results, then additional revalidation of thermocyclers to account for variation in temperature calibration and ramping speed among machines may be required. Amplification conditions may also need to be monitored consistently as a means for ensuring the accuracy of results. This requirement increases the amount of work needed to complete the assays but also the potential for unnecessary falsepositive and false-negative results and problems with reproducibility of results between different diagnostic facilities. The capability of high-throughput sample processing is also required for some diagnostic labs; therefore, the ability to obtain accurate results with an assay using either a 96-well plate or single tubes is essential.
In an effort to improve the diagnostic capability for Phytophthora spp., this study approached the design of a new marker system with several goals in mind: (i) a desire to limit the importance of precisely controlled annealing temperature for maintaining specificity by selecting primer annealing sites that were adjacent in Phytophthora spp. but separated in Pythium spp. and plants, (ii) a robust genus-specific detection capability was needed that could be multiplexed with the species-specific marker, (iii) a desire to identify a locus that would allow for the systematic development of species-specific markers for a wide range of species, (iv) the target sequence needed to be a high copy number to provide the greatest sensitivity of detection, and (v) the diagnostic marker system needed to include a plant amplicon to serve as a positive control. Due to its high copy number, the mitochondrial genome was selected for designing this new marker system. Having the sequenced mitochondrial genomes for 20 Phytophthora and 14 Pythium spp. (F. Martin, unpublished data) provided the opportunity to identify gene orders that were highly conserved in the genus Phytophthora but different in the genus Pythium and plants and that could be used for the design of genus-specific amplification primers. Rather than have an amplicon used for genusspecific detection and a second amplicon for species-specific detection, the genus-specific primers were designed so that the amplicon included a highly conserved region that could be used for annealing a genus-specific TaqMan probe as well as variable intergenic spacer sequences for design of species-specific TaqMan probes. Sequencing these regions from a wide range of species allowed us to evaluate the feasibility of this location for the design of species-specific TaqMan probes. This report describes the design of two marker systems and validation of their specificity with culture and environmental samples.
MATERIALS AND METHODS
Phytophthora, Pythium, Phytopythium, and plant species used. The 667 isolates used in this investigation represented 87 valid and 14 provisional Phytophthora spp. (95 of these were used for the core plate used to evaluate all primers and probes) and were from the World Phytophthora Genetic Resource Collection at the University of California, Riverside (Table 1) . Cultures were grown and DNA extracted as previously described (8) . Some additional isolates of P. megakarya and P. palmivora recovered from cacao in Ghana were also included in the analysis (DNA samples kindly provided by F. Govers). Twenty-nine Pythium spp. were used to confirm the specificity of the assay (Table 2) ; information on their culture and DNA extraction can be found in Martin (30) . A range of plant species were also used to evaluate the specificity (Table 2) . DNAs were extracted as previously noted (34) or were part of the environmental sample evaluation and were extracted using the United States Department of Agriculture-Animal and Plant Health Inspection Service (USDA-APHIS)-approved DNA extraction protocol (46) . To verify the presence of amplifiable Pythium DNA, real-time PCR with SYBR Green was performed using universal primers ITS1 and ITS4 (47) . PCR was performed using SYBR Green PCR Master Mix 1× (Applied Biosystems, Carlsbad, CA) primers ITS1 and ITS4 at 0.4 µM. PCR analysis was performed in a reaction volume of 25 µl on the ICycler instrument (IQ4; Bio-Rad Laboratories, Hercules, CA). Amplification conditions were one cycle of activation at 95°C for 8.5 min; followed by 40 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 60 s; finishing with a final cycle of 72°C for 10 min. Melt-curve analysis started at 60°C and increased 0.5°C every two cycles 70 times, with a final incubation at 4°C. To confirm the suitability of plant DNA for PCR amplification, the TaqMan internal plant control probe and primers were used, as described below.
Identification of mitochondrial DNA regions for marker development. Mitochondrial genome data for P. infestans, P. ramorum (33) , P. sojae, and 17 other Phytophthora spp. and 14 Pythium spp. are part of an ongoing mitochondrial genome sequencing project (F. Martin, unpublished data) which provided us the opportunity to use comparative genomic approaches to identify regions of the genome that might be useful for developing diagnostic markers for Phytophthora spp. Plant mitochondrial sequences used for this studies were obtained from GenBank. Gene order differences that were conserved among Phytophthora spp. but different in Pythium spp. and plants were identified. Three regions were the focus of this investigation: trnM-trnP-trnM, atp9-nad9, and nad11-secY. In Pythium spp., the gene order trnM-trnP was conserved but the last trnM was located >10 kb away and in the opposite orientation, atp9 and nad9 were located 18 to 30 kb apart, and nad11 and secY were at least 15 kb apart. This may be observed using comparative genomics of mitochondrial genomes deposited in GenBank (AY894827, AY894828, AY894835, DQ832717, DQ832718, and NC002387 for Phytophthora spp. and NC014280 for Pythium ultimum).
Amplification and sequencing. For sequencing of the trnMtrnP-trnM locus, amplification primers were selected from the flanking genes (lrn and rpl14); amplification primers for the two other loci were in the indicated genes ( Table 3 ). All amplifications were performed using ≈10 ng of template DNA, 0.4 mM forward and reverse primers, 2 mM MgCl 2 , 200 µM dNTP, 1× amplification buffer, and 1 unit of AmpliTaq (Applied Biosystems) in a volume of 25 µl. Templates were amplified in an ABI 9600 thermal cycler with the following cycling conditions: (i) for TrnM-TrnM, one interval of 95°C for 3 min; 35 cycles of 95°C for 1 min, 1 min of annealing at 61°C, and extension at 72°C for 2 min; and one interval of 72°C for 5 min followed by a 4°C hold; (ii) for atp9-nad9, one interval of 95°C for 3 min; 40 cycles of 95°C for 1 min, 1 min of annealing at 61°C, and extension at 72°C for 1 min; and one interval of 72°C for 10 min followed by a 4°C hold; and (iii) for nad11-secY, 1 interval of 95°C for 3 min; 40 cycles of 95°C for 30 s, 45 s of annealing at 51°C, and extension at 72°C for 1 min; and one interval of 72°C for 5 min followed by a 4°C hold. After confirming template amplification by running samples on an agarose gel, sequencing templates were treated with ExoSap (USB, Cleveland) according to the manufacturer's instructions and sent to the Penn State Genomics Core Facility of the Huck Institute for Life Sciences (University Park, PA) for sequencing with the amplification primers. Each template was sequenced in both directions to generate a consensus sequence based on complementary strands. Sequencher 4.7 (Gene Codes, Ann Arbor, MI) was used to generate consensus sequences while DS Gene v. 2.5 (Accelrys, San Diego, CA) was used for making alignments.
Marker development. Sequence alignments were examined for highly conserved regions for design of amplification primers and a genus-specific TaqMan probe. Intergenic spacer sequences were also examined for GC content and whether the level of sequence divergence was appropriate for development of speciesspecific TaqMan probes. The IDT SciTools OligoAnalyser 3.1 (Integrated DNA Technologies Inc., Coralville, IA) was used for primer design. Specific primers were designed so that the nucleotides unique to the target were at the 3′ end position of the primer and a TaqMan probe (20) could be designed in the middle of the amplicon when possible. For TaqMan probe design, the following parameters (6) were used, with some exceptions because of the high A-T content of the these mitochondrial region: melting temperature (T m ) of the TaqMan probe was selected to be 10°C higher (when possible; if not, then at least 3 to 5°C degree higher than the amplification primers) and 15 to 36 bp in length, with the total number of Gs or Cs in the last five nucleotides at the 3′ end of the probe not exceeding two. Mismatching nucleotides responsible for species specificity were positioned as close as possible to the middle of the probe rather than at the ends while avoiding positions with secondary structure (14) . The 5′ end of the atp9-nad9 TaqMan probe for the genus Phytophthora was labeled with FAM (fluorescein), and other probes tested with CAL Fluor Red, Hex, or Cy5 (Table 3 ). The trnM-trnM Phytophthora genus-specific probe was labeled with Hex. The 3′ end of all probes was labeled with the Black Hole Quencher-1 (BHQ-1; Biosearch Technologies, Inc., Novato, CA) or BHQ-2, depending on the TaqMan assay. The amplification master mix contained the genus-specific primer pair at 0.5 µM (some primers had a 5′ flap to improve the real-time PCR signal) (1) . Depending on the assay, the TaqMan probe concentration varied; it was 0.05 µM for atp9-nad9 Phytophthora genus-specific, Phytophthora cactorum, P. cambivora, P. fragariae, and P. syringae species-specific probes; 0.1 µM for trnM-trnM Phytophthora genus-specific, P. alni, P. cinnamomi, P. citricola complex, P. kernoviae, P. lacustris, P. nicotianae, P. palmivora, P. pseudosyringae, and P. rubi speciesspecific probes; or 0.025 µM for the P. ramorum species-specific probe. Other components of the amplification mix included addition of 6 mM MgCl 2 and Real Master Mix without Rox (5 Prime; Fisher Scientific Company, LLC, Waltham, MA), with PCR cycling conditions set at 95°C for 2 min, 50 cycles at 95°C for 15 s, and the appropriate annealing temperature for each species-specific TaqMan probe (62°C for the trnM-trnM genusspecific assay and the temperatures indicated in Table 4 for the remaining markers) for 1 min 30 s, in a reaction volume of 25 µl on the ICycler instrument. The primers for the plant internal control were present at 0.0125 µM and the probe, which was labeled with CAL Fluor Red and BHQ-2, at 0.01 µM.
Testing of the marker systems for specificity and sensitivity. Two loci, the trnM-trnM and atp9-nad9 regions ( Fig. 1) , were tested for genus specificity on a core of 87 described and 14 provisional Phytophthora spp. (101 total) (Table 1), 29 Pythium spp. (Table 2) , and 39 plant species ( Table 2 ). The intergenic spacer regions of the atp9-nad9 locus was chosen for design of the species-specific TaqMan probes because this region contained a higher level of sequence divergence than the trnM-trnM locus. Fourteen species-specific TaqMan probes (Table 3) were tested with the core Phytophthora sp. plate (Table 1) for specificity. Probes were tested on multiple isolates of the species for which they were designed and other species that had similar sequences at probe annealing sites. The P. ramorum and P. kernoviae speciesspecific probes were tested on a panel of additional species with 256 isolates of Phytophthora (94 species, with 1 to 6 isolates/ species). To determine the limit of sensitivity for genus-and species-specific detection, standard curves using a serial dilution from 1 ng to 10 fg of stock DNA of the target species were evaluated.
Evaluation on field samples. Fields samples were received as a blind test for evaluation with the two Phytophthora genusspecific TaqMan assays and the atp9-nad9 species-specific assay. All samples were run in multiplex with the plant internal control to confirm the ability to amplify the DNA sample.
California Department of Food and Agriculture field samples. Ninety-nine plant samples submitted to the California Department of Food and Agriculture (CDFA) from different locations in Californian had DNA extracted using the standard USDA-APHIS procedure for P. ramorum (46) . All samples were tested with both the atp9-nad9 and trnM-trnM Phytophthora genus-specific markers. The atp-9-nad9 assay was multiplexed with P. ramorum and P. kernoviae species-specific probes, with the following speciesspecific probes tested individually: P. syringae, P. cambivora, P. citricola group, and P. pseudosyringae. To confirm the species that were present, the genus-specific amplicon was sequenced for all samples that were positive for a Phytophthora sp. and the sequence compared with our sequence database by BLAST analysis using BioEdit ver. 7.0.9.0 (19) .
Big Sur. Field samples were collected on 2 June 2010 at Pfeiffer Big Sur State Park and Andrew Molera State Park, Monterey County, CA. Leaf pieces with lesions and nonsymptomatic leaves were cut with a number 3 cork borer, with half of the leaf disk plated on pimaricin-ampicillin-rifampicin-pentachloronitro- a Additional information on isolates (hosts) may be obtained at the website for the World Phytophthora Genetic Resource Collection at the University of California, Riverside (available online : http://phytophthora.ucr.edu/databasemain.html); isolates starting with the letter "P" are from this collection. Isolates of all species used for the core plate are in bold face. All isolate numbers in italic were tested with the P. ramorum and P. kernoviae, ATP9-NAD9 Phytophthora genus and TrnM Phytophthora genus probes. Asterisks: * = subspecies alni (type), ** = subspecies uniformis (type), and *** = subspecies multiformis (type).
Isolates starting with a GH are from Ghana and DNA was provided by F. Govers. b Initials n.i. = noma invalidum; a well-characterized species but the name is not valid. c P. citricola clade E refers to the classification of Jung and Burgess (25) . d Not determined. benzene agar V8 medium (24) for selective isolation of Phytophthora spp. and half used for DNA extraction using the USDA-APHIS protocol (46) with the Qiagen DNeasy Plant MiniKit (Qiagen, Valencia, CA). Cultures were checked after a few days to determine whether a Phytophthora sp. or P. ramorum were growing and with species identification done by conventional morphological classification. DNA extractions were diluted 1/10 in sterile water and tested with the atp9-nad9 Phytophthora genus-specific probe and P. ramorum and P. kernoviae speciesspecific probes. Results were also independently validated in a PCR hybridization array system (13) .
Oregon raspberry: (P. rubi). DNA was extracted from a total of 8 raspberry roots using the previously described USDA-APHIS protocol (46) . The DNA was diluted 1/10 and 1/50 and assayed using the atp9-nad9 Phytophthora genus-specific assay with P. rubi and P. fragariae species-specific probes. Two DNA samples previously extracted from infected raspberry were also included in the assay.
U.K. samples: (P. kernoviae). DNA from leaves naturally and artificially inoculated with P. kernoviae were provided by Jennifer Tomlinson (Food and Environment Research Agency, Sand Hutton, York, UK) and tested in the Martin laboratory using the atp9-nad9 Phytophthora genus-specific assay and the P. ramorum and P. kernoviae species-specific probes.
RESULTS
Mitochondrial gene order differences in Phytophthora versus Pythium and plants. Three conserved mitochondrial gene order differences were observed when the organization of the a N/A = no amplification and NT = not tested. b For the TrnM assay, the baseline was 6 to 15 cycles and threshold at 10. c Amplification using the internal transcribed spacer (ITS)1 and ITS4 primers (47) . d Pythium isolate DNA concentration used was <1 ng/µl; Pythium isolate information may be found in Martin (30) . Pythium ultimum hyphal swelling (HS) isolate, no oospores produced. e Plant DNA concentration was 0.5 to 16 ng/µl. f DNA for plant species from field sample. 
(rpl14) spanned a region of ≈258 bp (size varied among species) containing the three indicated tRNAs ( Fig. 1 ; Table 3) . Because of the level of conservation of the tRNA coding sequences, it was possible to design highly conserved forward and reverse primers from the trnM coding regions (amplicon ≈206 bp) with a genusspecific probe designed from the 3′ end of the first trnM coding region. In total, >170 isolates representing a wide range of species in the genus were sequenced and, although there was enough interspecific sequence variation in the coding and spacer sequences to accommodate the design of 38 species-specific probes, this region was not variable enough to use for systematically designing markers for a wide range of Phytophthora spp. and was used subsequently as a genus-specific marker only. The atp9-nad9 gene order was highly conserved in Phytophthora spp. and the presence of highly conserved sequences allowed for the design of amplification primers in the flanking regions of each gene and a Phytophthora genus-specific probe in the 3′ end of the atp9 gene ( Fig. 1; Table 3 ). Amplicons were ≈340 bp (size varied among species) and contained 110 bp of the 3′ end of the atp9 gene and 85 bp of the nad9 gene, with the remaining sequences representing intergenic spacer. This region was sequenced for >720 isolates representing 91 valid and 30 provisional Phytophthora spp. In total, 84 species-specific probes for Phytophthora were designed from this locus (70 in silico) (Supplementary sequence alignment files).
The nad11-secY gene order was also highly conserved in Phytophthora spp. but the sequence divergence in these genes precluded the development of conserved primers and probe for genus-specific detection in the coding regions. In the spacer region between these two genes, there is a trnL-trnL tRNA cluster that is suitable for designing a genus-specific marker (amplicon ≈172 bp) and, although there was enough sequence divergence for designing species-specific TaqMan probes for ≈65 species, the same trnL-trnL gene order was present in the Pythium mitochondrial genome and, consequently, a problem with primer specificity leading to background amplification of some Pythium spp. Additional work with this locus was not pursued.
Evaluation of specificity of genus-specific amplification. The trnM-trnM and atp9-nad9 genus-specific primers and probe did not amplify (verified by running amplification on agarose gel) or have any background detection of Pythium or plant species when tested by real-time PCR (Table 2) . When evaluated against a wide range of Phytophthora spp. (256 isolates representing 87 valid and 14 provisional Phytophthora spp.; culture accessions in italics in Table 1 ), the trnM-trnM assay detected all species and isolates (data not shown) while the atp9-nad9 marker also detected all the same isolates and species with the exception of P. bisheria and P. frigida (Table 4) .
Specificity of species-specific TaqMan probes. In total, 14 species-specific probes were tested in multiplex with the genusspecific TaqMan probe for specificity against the core plate of Phytophthora spp.; all probes were highly specific and identified only the intended species (Table 4) . The probe for the P. citricola Table 1 ) and, in all cases, species specificity was observed. To confirm that the plant internal control would not influence the sensitivity or accuracy of detection of these species, the plant 
a All baselines were set up at 8 to 16 cycles, excepted for P. fragariae (6 to 18); P. pseudosyringae and P. ramorum were "auto" set up. The threshold was set at 50 for all assays excepted for P. cactorum (C t = 25), P. kernoviae (C t = 100), and P. palmivora (C t = 75). b The DNA preparation could be amplified with primers for other loci but -indicates that these species were not detected by this genus-specific primer and probe combination. c Not tested with the core plate but tested with other isolates: P. lateralis P3361; P. lacustris P10337, P10283, and P10284; P. mexicana P0646; Pythium sp. P8209 and P8201; and P. megasperma P1679. d Tested again with all isolates of this specific species and closely related species with the same results for specificity. amplification primers and TaqMan probe were included in these assays and had no effect on results. When tested against additional isolates of the species the probe was designed to detect, as well as other species with sequence similarity at the probe annealing site, the 12 remaining species-specific TaqMan probes were all species specific (Table 5 ). This includes the probe specific for the hybrid species P. alni, which detected all three subspecies (P. alni subspp. alni, multiformis, and uniformis). 
Details on specific isolates included in this analysis may be found in Supplementary Table 1a to k, repectively (P. ramorum and P. kernoviae, P. alni, P. cactorum and P. fragariae, P. cambivora and P. syringe, P. citricola (group), P. cinnamomi, P. nicotianae, P. palmivora, P. pseudosyringae, P. rubi, and P. lacustris). Some of these additional validations were run in multiplex to mimic how the markers may be used in diagnostic labs. The tests for P. ramorum and P. kernoviae were run together with the atp9-nad9 Phytophthora genus-specific probe. To mimic detection of the pathogen in strawberry, P. cactorum, P. fragariae, and the P. citricola complex probes were multiplexed. To mimic detection of a Phytophthora sp. in forest or nurseries samples, probes for P. syringae and P. cambivora were multiplexed. Standard curve. To evaluate amplification efficiency and the limit of detection, a standard curve for all genus-and speciesspecific assays was determined using a dilution series of target DNA [E = (10 (-1/slope) -1) × 100] ( Table 2 ). Amplification efficiency was usually close to or slightly greater than 100%. In general, amplification of the Phytophthora genus-specific atp9-nad9 assay exhibited a linear response until the DNA concentration was <100 fg (10 -4 dilution), with an amplification efficiency of 103%. Marker validation with field samples. The two genus-specific amplicons and six of the atp9-nad9 species-specific probes were evaluated with 99 field samples collected by the CDFA in Sacramento, CA (Table 6 ). In all, 16 different taxonomic entities were identified (11 described species and five unnamed phylogenetic species) in a total of 58 samples; no Phytophthora sp. was detected with either genus-specific marker in 41 of the samples. These results agreed with the findings of the CDFA (based on culturing of the isolate or a positive PCR using the accepted USDA-APHIS P. ramorum molecular assay). All probes were confirmed to lack nonspecific background detection with these environmental samples and the species specificity for four of the probes was validated; P. ramorum was accurately detected in 11 samples with no false positives for the four P. hibernalis and three P. foliorum samples; P. pseudosyringae was detected in three samples with no false positive for the P. nemorosa sample; and P. syringae was detected in 11 samples with no false positive for the P. austrocedrae sample. Three additional samples tested positive for P. syringae but these had a sequence identity of 97% when the sequence of the atp9-nad9 genus-specific amplicon was compared with known P. syringae isolates. The species-specific probe for the P. citricola complex detected P. multivora in five samples, P. pini in one sample, and P. plurivora in three samples. The only species-specific probes that were not validated in these environmental samples were for P. kernoviae and P. cambivora (all samples were negative for these species).
In addition to formally described species, several undescribed phylogenetic species were detected. P. sp. aff. colocasiae 1 (three samples) is a phylogenetic species closely related to P. colocasiae but distinct in phylogenetic analysis (F. Martin, unpublished data). Likewise, P. sp. aff. brassicae 1 (two samples from Schefflera actinophylla) is another phylogenetic species closely related to P. brassicae. Two species were also detected that did not match any of the other sequences in our database or GenBank (samples 1518453-1 and 1556826) and may represent new, undescribed species.
Analysis of the 18 samples collected from Big Sur with the atp9-nad9 genus-specific and P. ramorum and P. kernoviae species-specific probes revealed five samples that were culture positive for P. ramorum, all of which were also positive with the genus-and species-specific P. ramorum probe (Table 7) . One sample that was culture negative had a positive real-time PCR result (sample 6) with a relatively low cycle threshold (C t ) of 26.6 . No positive detections were observed for the P. kernoviae probe. Two additional samples were tested but, because the plant positive control did not amplify, they were not included in the analysis (data not shown). Of the 10 root samples from Rubus spp., 7 of them tested positive for P. rubi with both the trnM-trnM and atp9-nad9 genus-specific markers. All of these samples also tested positive with the atp9-nad9 P. rubi probe ( Table 8) . None of these samples tested positive with the P. fragariae probe, confirming the species specificity of detection of this probe. Of the five samples extracted from tissue infected with P. kernoviae, four tested positive with the atp9-nad9 genus-specific and P. kernoviae-specific probe and one tested positive for P. ramorum (data not shown). These results agreed with the collaborator's identifications the samples.
DISCUSSION
Comparative mitochondrial genomics was effective for identifying gene order differences useful for developing genus-and species-specific markers for Phytophthora. With this approach, we hoped to improve the specificity of the detection assay and provide a technique that would work under a wider range of amplification conditions with a reduced risk of false positives, the thought being that, even if nonspecific primer annealing occurred due to lower stringency (such as reduced annealing temperatures), the intervening distance between the primers would be too great for amplification to occur under the cycling parameters used. The loci that were the primary focus of this investigation had primer annealing sites that were close enough in Phytophthora spp. to be useful for designing a TaqMan real-time PCR assay but distant enough (10 kb+) in the related genus Pythium and plant species to prevent amplification.
Three regions exhibiting conserved gene order differences in the genus Phytophthora were evaluated for developing primers TABLE 5 . Listing of species and number of isolates on which the Phytophthora primers and species-specific TaqMan probes were tested on to fully validate specificity Species-specific probe a Species (number of isolates) tested b
Phytophthora alni P. alni subsp. alni (7), subsp. multiformis (1), subsp. uniformis (2), P. fragariae (19) , P. rubi (4) P. cactorum P. alni subsp. alni (2), subsp. multiformis (1), subsp. uniformis (1), P. cactorum (48), P. fragariae (20) , P. rubi (5), P. hedrianda (11) P. cambivora P. cambivora (15) , P. syringae (18) P. cinnamomi P. cinnamomi (60), P. parvispora (5), P. cinnamomi var. robinae (2), P. sp. niederhauseri (7) P. citricola group P. citricola (7), P. citricola clade E (3), P. multivora (8) , P. pini (4), P. plurivora (23) , P. citrophthora (1), P. europea (3), P. lateralis (3), P. mengei (3), P. mexicana (1) P. fragariae P. alni subsp. alni (2), subsp. multiformis (1), subsp. uniformis (1), P. cactorum (53), P. fragariae (20) , P. rubi (5), P. hedrianda (8) P. lacustris P. lacustris (3), P. gonapodyides (24) , P. sp. PgChlamydo (5) P. nicotianae P. nicotianae (46) , P. infestans (2), P. cactorum (1), P. ipomoeae (1), P. mirabilis (2), P. phaseoli (2) P. palmivora P. palmivora (52), P. megakarya (20) P. pseudosyringae P. pseudosyringae (4) P. rubi P. alni subsp. alni (7), subsp. multiformis (1), subsp. uniformis (2), P. fragariae (19) , P. rubi (4) P. syringae P. cambivora (15) , P. syringae (18) and probes for multiplex real-time PCR detection: atp9-nad9, trnM-trnM, and nad11-secY. With the exception of the nad11-secY locus, the other loci had highly conserved sequences in the flanking genes for design of amplification primers and exhibited polymorphisms in the intervening spacer sequences useful for design of species-specific TaqMan probes. The atp9-nad9 region was the most useful region because the amplicon size of ≈340 bp was suitable for TaqMan real-time PCR, a single primer pair was used to generate an amplicon where both a genus and speciesspecific probe could anneal, and the intergenic spacer region exhibited enough sequence divergence that species-specific probes could be designed for the widest range of species. Unfortunately, the genus-specific primer pair was unable to amplify P. bisheria and P. frigida. Although the reason for this has not been determined conclusively, preliminary data suggest that there is an unusual gene order difference in these species that separates the two target genes (T. Miles and F. Martin, unpublished data).
The second region examined spanned three tRNAs (trnM-trnPtrnM) located between the rnl and rpl14 coding regions. A single primer pair generated an amplicon from all species of ≈206 bp that contained annealing sites for a Phytophthora genus-specific probe and, for some species, a species-specific probe. Speciesspecific probes could be designed for approximately half the number of species as the atp9-nad9 locus due to a lower level of sequence divergence than the 340-bp amplicon. For this reason, work with this locus focused only on developing an additional Phytophthora genus-specific detection assay. The nad11-secY region was the third region examined and, due to the inability to design truly genus-specific primers, work using this locus was discontinued.
The atp9-nad9 and trnM-trnM markers were validated for genus specificity by testing against 29 Pythium spp. and 39 plant species as well as a total of 256 isolates representing 87 described and 14 provisional Phytophthora spp. Consistent results were also a Numbers in parentheses indicate that different amounts of DNA were used in the amplification than indicated in the column heading. A 1/20 refers to using this dilution rather than the 1/10 and und refers to using undiluted DNA. In some cases (**), two C t values with one of the alternative DNA concentrations previously mentioned are listed; in these examples, two different DNA dilutions were tested. N/A = no amplification and PS = poor sequence data, unable to determine species. b Sequence confirmed. Genus-specific amplicons were sequenced and the results compared against a sequence database generated from DNA from purified cultures of all isolates listed in Table 1 . c Species identification was confirmed by culturing the pathogen or a positive amplification with the USDA-APHIS-approved P. ramorum molecular diagnostic assay. Cultures were not obtained for all samples. d Based on DNA sequence analysis of the cox2, nad9, rps10, and secY genes, isolates representing this group are phylogenetically distinct and are closely related to the indicated formally described species (F. Martin, unpublished data).
observed between the two different markers when used to evaluate the presence of a Phytophthora sp. in the 130 environmental samples evaluated. In an effort to improve the fluorescent signal of the atp9-nad9 detection and, hence, the sensitivity of the assay, amplification primers were modified with a 5′ flap (tail of AAT AAATCATAA) that did not anneal to target sequences in a similar fashion as reported by Afonina et al. (1) and Arif et al. (2) . Using these modified primers improved the amplification efficiency of the reaction, increased the fluorescence signal compared with using unmodified primers, and thereby increased sensitivity of detection. Due to the level of sequence divergence observed in the spacer region between the atp9 and nad9 genes, this region was useful for the systematic design of species-specific TaqMan probes that could be multiplexed with the atp9-nad9 genus-specific assay. Species-specific probes were validated for 13 species, including the quarantine pathogens P. ramorum and P. kernoviae, and one species complex. As part of the validation process, specificity was tested against (i) multiple isolates of the target species collected from different geographic regions, (ii) other species that exhibited sequence similarity at the probe annealing site, and (iii) environmental samples. After the work on the specific primer for the P. citricola complex was validated in this study, this species complex has been separated into P. citricola, P. multivora (42) , P. plurivora (25) , P. capensis (3), P. pini (21) , and P. mengei (22) ; consequently, the TaqMan probe is specific only for the species complex. The genus-specific amplicon was sequenced for >720 isolates representing 114 species (90 recognized, 17 provisional, and 7 phylogenetically distinct species) (F. Martin, unpublished data) . In silico analysis of this data reveled sequence differences that should support the development of TaqMan probes specific for an additional 58 described and 12 provisional species (putative probes in Supplementary Table 2) , including some species in the P. citricola complex (P. citricola, P. multivora, and P. plurivora). This means that species-specific markers should be able to be developed for >75% of the species evaluated in this study and, with the use of locked nucleic acids in the probe, the number species-specific probes may increase. A number of real-time PCR assays have been developed for detection of Phytophthora spp., most of which have used primarily SYBR Green or TaqMan technology and either the ITS or Ypt1 locus as a target for systematically developing primers or probes (32) . The mitochondrial assays described herein offer several advantages over those previously available, perhaps most important of which is the genus-specific detection capability. Although a real-time PCR Phytophthora genus-specific detection capability has been reported for an ITS-based detection assay, background detection of Pythium spp. was noted (26) . The use of loci spanning conserved mitochondrial gene-order differences for Phytophthora spp. has eliminated this problem for the two diagnostic markers described in this work. Although there were two species that were not amplified by the atp9-nad9 primer pair, all species were amplified and detected by the trnM-trnM detection assay. The ability to confirm whether a Phytophthora sp. is present with the use of the genus-specific amplicon rather than just test for a particular species will improve diagnostic capabilities and facilitate a better understanding of the involvement of Phytophthora spp. in agricultural and natural ecosystems. With the atp9-nad9 locus, it will be possible to identify unknown species without culturing by sequencing the amplicon and comparing the data with the sequence database representing >720 isolates of 114 distinct phylogenetic entities (F. Martin, unpublished data). When more than one species is present, such as with samples recovered by baiting from streams, cloning may be necessary to generate useful sequence data. Like the ITS region, the mitochondrial genome is high copy number, thereby improving the sensitivity of detection. However, unlike the nuclear genome, it is uniparentally inherited; thus, caution should be exercised when using these mitochondrial markers to detect hybrid species because the mitochondrial background of a hybrid isolate may differ depending on which species is the maternal parent (7, 17, 29, 35) . Therefore, the assay may not provide an accurate detection of hybrids unless coupled with a nuclear marker assay. A species-specific TaqMan probe was developed for one hybrid species, P. alni, and found to be specific for all three subspecies (P. alni subspp. alni, multiformis, and uniformis) even though cox1 and nadh1 gene sequences were different for P. alni subsp. multiformis and P. alni subsp. uniformis (P. alni subsp. alni had sequences that grouped with either of these subspecies) (23) . Sequence alignment of the Phytophthora genus-specific amplicon for multiple isolates of this species revealed a highly conserved region used for the TaqMan probe annealing site (Supplementary alignment file) . The parental lineages of this species has yet to be identified (23) ; therefore, it is unknown whether these would cause a nonspecific background detection when using the P. alni-specific TaqMan probe.
The appropriateness of using this marker system for pathogen quantification has yet to be fully explored. It needs to be experimentally determined whether there are different amounts of mitochondria present depending on the age and condition of the lesion, which would influence the linear relationship between C t and level of pathogen colonization. Likewise, if the markers are going to be used for pathogen quantification in the soil, the linear relationship between propagule densities and C t must be characterized. An internal control has been developed with the atp9-nad9 amplification primers spanning unique internal sequences using the same approach as the internal control for a Verticillium dahliae soil quantification assay (4) to evaluate the suitability of this marker system for soil quantification (G. J. Bilodeau, unpublished data). Although the ITS region has been used as a target for real-time PCR quantification assays, the suitability of this locus for this purpose may also be compromised due to variation in copy number. Although variation in copy number of the rDNA repeat has been observed in several Eumycotan fungi (4, 12, 28, 36, 37, 39) and there is evidence to suggest this occurs with the related genera Pythium (31) and Phytopythium (44), it has not been experimentally verified for Phytophthora.
The multiplexed assay includes a plant positive control, confirming whether the extracted DNA is amplifiable thereby reducing the chance of false negatives. The C t of the plant amplification can also give some idea of whether PCR inhibitors are affecting amplification efficiency and reducing the sensitivity of pathogen detection. Due to the high amount of plant relative to pathogen DNA in most samples, if the C t for plant amplification is higher than expected, a sample dilution or additional DNA purification steps may be necessary to be able to accurately detect whether the pathogen is present.
Isolating a Phytophthora sp. from some environmental samples can be difficult, sometimes requiring multiple attempts at different times of year to obtain a viable isolate. One approach diagnosticians use to evaluate whether a Phytophthora sp. is present is an enzyme-linked immunosorbent assay (ELISA)-based test. This has the advantage of giving reliable results year round, even if the tissue has some decay. However, the ELISA-based tests are not entirely genus specific-they can react with some Pythium spp. (32)-therefore, positive results must be scrutinized carefully. It is always useful and sometimes necessary to know what Phytophthora sp. is causing damage on a particular host even when a live culture is unobtainable. For example, overseas shipment of raspberry mother plants must be tested for P. rubi before phytosanitary certification can be obtained for export. If an ELISA test for a Phytophthora sp. is positive for one of these plants, a genusspecific PCR test, such as the ones described in this article, can then be used to determine the species infecting the plant by sequencing the amplicon. A species-specific PCR test can also be used to quickly eliminate P. rubi from the list of possibilities. Sequencing is now often less expensive and always faster for preliminary identification of a Phytophthora isolate, especially if it is an unfamiliar species.
The multiplexed diagnostic assays described herein provide a useful assay for detection and identification of Phytophthora spp. in environmental samples. The genus-specific detection capability will significantly increase diagnostic capabilities over current real-time PCR assays by providing a broader view of the involvement of this genus in causing disease. It will also provide a useful tool for evaluating the presence of this genus in natural ecosystems in the absence of disease symptoms (e.g., stream baiting assays) and, with the extensive sequence database of the atp9-nad9 locus available, will facilitate species identification by BLAST analysis without the need for culturing. The screening completed to date indicates genus level specificity when tested against P. vexans and a range of plant and Pythium spp.; however, additional validation against other oomycetes would be advisable when conducting ecological studies to ensure specificity. Although species-specific detection capabilities were demonstrated for 13 species and one species complex, in silico analysis suggests that species-specific probes can be developed for ≈75% of the species for which sequence data was collected. Given this level of sequence divergence and the available sequence database for the genus, this locus should be useful for the systematic development of markers for newly described species. The design of the marker system with a single pair of amplification primers and different TaqMan probes for genus-and species-specific detection reduces the potential of affecting amplification efficiency when multiple loci are amplified simultaneously. It also simplifies development of multiplex assays because labeling dyes on the TaqMan probe can be adjusted to provide the detection capabilities needed. The atp9-nad9 and trnM-trnM diagnostic assays both support high-throughput sample processing and will provide sequence data that will be useful for development of other molecular diagnostic assays such as macro (13) or micro arrays (43) for pathogen detection. The sequence alignments used for designing species-specific probes may be found in the supplementary material, and atp9-nad9 sequences for additional isolates may be found on the Phytophthora Database (http://www. phytophthoradb.org) and GenBank.
